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Introduction
The Y chromosome is transmitted without sexual recombination from father to son.
In the Y-chromosome, as in other nonrecombining regions, complete linkage between genes reduces the efficacy of natural selection and makes the Y-chromosome conducive to the accumulation of deleterious mutations through genetic hitchhiking and Muller's ratchet (Bull, 1983; Rice, 1987, Charlesworth and Charlesworth, 2000; Bachtrog, et al. 2008) . Consistent with theory, the Y chromosome of Drosophila melanogaster carries about 12 single copy protein coding genes (Vibranovski et al 2008) , whereas over 5,000 genes were to be expected from typical gene densities at euchromatic segments.
Six of the twelve genes discovered on the Y chromosome are male fertility factors that encode for either structural components of spermatogenesis or regulate spermatogenesis-specific processes such as individualization (Carvalho 2000) . Spermatogenesis in D. melanogaster males is extremely sensitive to heat, with males becoming sterile anywhere from 23°C in heat-sensitive species to 31°C in heat-tolerant species (David et al 2005) . Rohmer et al (2004) found that polymorphism between Y chromosome lineages from tropical and temperate regions is responsible for much of the variation in thermal sensitivity of spermatogenesis. Since spermatogenesis is essential for male fitness, we expect a Y chromosome effect on the former to translate into effects on the latter. Indeed, Chippindale and Rice (2001) showed that polymorphisms on the Ychromosome have a large effect on male fitness, with a limited contribution of additive genetic variance and yet a substantial contribution of epistatic genetic variance components to total variation. Accordingly, a Y-chromosome's contribution to fitness was highly dependent on the genetic background of autosomes and X-chromosomes; Ychromosomes conferred high fitness to males in one background and low fitness in others backgrounds.
While Y-linked protein coding genes show effectively zero nucleotide diversity (π) within Drosophila melanogaster (Zurovcova and Eanes, 1999) , and very low levels of diversity in human populations, Y-linked heterochromatic and rDNA repeats in humans and flies can vary in repeat number or length (Karafet et al, 1998; Lyckegaard and Clark, 1989; Lyckegaard and Clark, 1991; Repping et al, 2003) . Consistent with the idea that it is far from inert, recent studies showed that the Y chromosome has undergone rapid evolution and turnover of protein coding genes between humans and chimpanzee (Hughes et al, 2010) and among species of Drosophila While no Y-linked transcription factors have been found in Drosophila, the Y chromosome is known to be a pervasive modulator of gene activity elsewhere in the genome. One phenomenon in which the Y chromosome affects expression of genes is position effect variegation (PEV) (Muller, 1930; Gatti and Pimpinelli, 1992; Talbert and Henikoff, 2006; Schulze and Wallrath, 2007) . PEV occurs when genes are relocated next to a heterochromatin-euchromatin boundary. While these genes remain unchanged at the DNA level, they are transcriptionally repressed in some cells but not others. A classic example is the repositioning of the w[m4] allele from its normal location on distal X chromosome euchromatin to a new location close to an AT microsatellite-rich region in the X pericentromeric heterochromatin (Muller, 1930) . The variegated expression of w[m4] results in a mosaic red-white eye phenotype. PEV-associated repression of gene transcription is thought to be a result of the spread of pericentromeric heterochromatin into neighboring genes, and the subsequent silencing of these genes (Schulze and Wallrath, 2007) . Y chromosomes are known to suppress PEV in XY males and XXY females (Dorer and Henikoff, 1994) , with level of suppression relative to the amount of the Y-chromosome segment tested (Dimitri and Pisano, 1989) . One model for these effects is the competitive sequestration of chromatin-associated proteins by Y-linked microsatellite repeats (Lloyd et al, 1997; Wallrath, 1998) .
Recent work by Lemos et al (2008) has shown that the modulating effect of cryptic Y chromosome polymorphisms on gene expression is pervasive throughout the D. melanogaster genome. Accordingly, males differing only in the origin of the Ychromosome showed differential expression at hundreds of non-Y-linked genes. Most interestingly, many of these genes have male-biased expression, and seem to be involved in species divergence and temperature adaptation. These results provided the first molecular framework for how the Y chromosome affects adaptive phenotypic variation including effects on fitness (Voelker and Kojima, 1971; Chippindale and Rice, 2001; Rohmer et al, 2004) .
The role of genetic background on Y-regulatory variation (YRV) remains to be addressed. Previous experiments by Lemos et al (2008) 
Materials and Methods

Fly strains
Wild flies were collected from Draveil, France (temperate population) and Delhi, India light, temperature and humidity controlled incubators. Males from these populations were collected for use in microarray dye-swap experiments. Newly emerged males were collected on the tenth day after egg laying and allowed to age for three days at 25°C, after which they were flash frozen in liquid nitrogen and stored at -80°C.
Microarray hybridizations and analysis
Microarrays were ~18,000-feature cDNA arrays spotted with D. melanogaster cDNA PCR products as described (Lemos et al, 2008) . Total RNA was extracted from frozen males using TRIZOL (Gibco-BRL, Life Technologies, Gaithersburg, MD) according to the manufacturer's recommendations. Total RNA quality, as measured by A260/A280 ratios, was confirmed by spectrophotometric analysis to be close to 2. cDNA synthesis with fluorescent dyes (Cy3 and Cy5) and hybridization reactions were carried out using 3DNA protocols and reagents (Genisphere Inc., Hatfield, PA). Our background by Y interaction, and e ijk is the residual effect. The significance of effects from background, Y, and their interactions was tested by using the Fs-test, a modified Fstatistic incorporating shrinkage variance components (Cui et al, 2005) . P-values were calculated by performing 1000 permutations of samples, then corrected for multiple hypothesis testing by the q-value false discovery rate method (Storey and Tibshirani, 2003) . Significant changes were determined at the FDR threshold of 0.01. K-means analysis was used to identify groups of genes with similar expression patterns across Yby-background groups. In the bootstrapped k-means algorithm, a gene was assigned to a group if it was identified in 80% of 1,000 iterations. This was repeated for different values of k to find the k needed to minimize the number of genes not identified in any group. All Y-by-background effects analyses were computed with the R/Maanova package (Wu et al, 2003) .
Enrichment in gene ontology categories was assessed with GeneMerge (Castillo- Davis and Hartl, 2003) , which uses a hypergeometric distribution to assess significance.
Because GeneMerge tests for all categories, a modified Bonferonni correction is used to account for multiple testing.
Position effect variegation (PEV)
Males from all four populations were crossed to females from a stock carrying (Figure 2 ). These females possess an inversion on the X that places w proximal to the X-centromere. Culture was performed at either 25°C or 18°C. Males from these crosses were collected, flash frozen in liquid nitrogen, aged for 3 days at either 25°C or 18°C, and stored at -80°C. Heads of males were moved with a blade, and homogenized 5 to a tube with 10uL of acidified ethanol (30% ethanol acidified to pH 2 with HCl). Eye pigment expression was assessed with spectrophotometric analysis at an optical density of 480nm. 4-6 biological replicates were used per treatment, with two measurements taken per replicate. The correlation between repeat measures was high (Pearson's r = 0.90), thus their means were used in subsequent analyses. Males displaying typical eye pigmentation phenotypes were imaged using an auto-montage system (Snycroscopy, Frederick, MD). A 3-way ANOVA analysis, using statistical software JMP, was performed using male background (I, F, or B4361), Y chromosome (Y I or Y F ), and temperature (25°C or 18°C) as factors. melanogaster (Zurovcova and Eanes, 1999) . In humans, Y-linked genes also show decreased levels of molecular variation, with a large-scale analysis of four Y-linked genes finding that coding regions show between 0% and 20% of the polymorphism of a sample of autosomal genes (Shen et al, 1997; Rozen et al, 2009) . Despite the lack of nucleotide diversity in coding sequences of Y-linked genes, considerable structural polymorphism has been detected in Y-heterochromatin repeat copy-numbers in humans and flies (Karafet et al, 1998; Lyckegaard and Clark, 1989; Lyckegaard and Clark, 1991; Repping et al, 2003) . Repeat sites have now been shown to act as nucleation sites for heterochromatin formation via the RNAi pathway (Dorer and Henikoff, 1994; Elgin and Grewal, 2003; Volpe et al, 2002; Pal-Bhadra et al, 2004) .
Results
Global gene expression variation
Heterochromatin can influence transcription epigenetically, with the effect most easily observed in the modification of PEV by the Y chromosome (Dimitri and Pisano, 1989; Dorer and Henikoff 1994) . Large heterochromatic blocks, such as the Y chromosome, are thought to sequester limited heterochromatin factors from other regions, thus impeding the spread of heterochromatin to nearby loci (Lloyd et al, 1996; Schulze and Wallrath, 2007) . In this way, silencing of genes located near heterochromain- (Cordts and Partridge, 1996; Kuijper et al, 2006) . In Anopholes mosquitos, the Y chromosome has also been implicated for influencing mating behavior (Fraccaro et al, 1977) . Because many mating- . Gene expression profiles generated by k-means clustering. Each line represents the expression of one gene across each background-by-Y group. Expression measures were standardized across groups, and analyzed using k-means cluster analysis. There were 19, 88, and 93 genes in clusters 1, 2, and 3, respectively.
